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Summary 
The aim of this study is to gain insight into the time 
during the life history of a retinal neuron that it be- 
comes committed to a particular phenotype. At this 
point, it is not possible to identify the time of commit- 
ment, but the time that differentiation begins can be 
identified. Bromodeoxyuridine labeling coupled with 
immunohistochemistry with a ganglion cell-specific 
antibody was used to fix the time of the beginning of 
ganglion cell differentiation relative to the time of mito- 
sis in the developing chick retina. It was found that 
ganglion cells can begin to differentiate in less than 
15 min after the end of mitosis. This suggests that the 
retinal ganglion cell fate may be determined before or 
during mitosis. 
Introduction 
The neural retina in mature vertebrates is composed of 
seven major cell types, and most of these can be classified 
into subtypes. All retinal cells arise during embryonic de- 
velopment from the optic cup, an outpocketing of the neu- 
ral tube. The early optic cup is composed of a seemingly 
homogeneous population of cells. The mechanisms by 
which the diversity of retinal cell types develops from this 
homogeneous population are, for the most part, unknown. 
Numerous studies, however, are beginning to provide 
some insight into this problem. 
Several studies have shown that an individual stem cell 
can give rise to a variety of retinal cell types. These studies 
used dyes injected into progenitor cells (Holt et al., 1988; 
Wetts and Fraser, 1988) or marker genes introduced into 
these cells by retroviruses (Turner and Cepko, 1987; 
Turner et al., 1990) to show that the progeny of a single 
dividing cell can give rise to multiple retinal cell types. 
Because the progeny of single cells were not restricted 
to a single cell fate and there did not appear to be a set 
pattern to the array of phenotypes arising from individual 
stem cells, it is generally believed that lineage alone can- 
not determine the fate of a cell. 
Further evidence suggests that cell-cell interactions de- 
termine the fate of individual cells produced by multipotent 
stem cells. Drugs were used to kill specific populations of 
differentiated neurons in the larval frog retina (Reh and 
Tully, 1986; Reh, 1987). The next cells to differentiate in 
the treated retinas had a disproportionately greater per- 
centage of the killed cell type. This suggests that differenti- 
ated cells influence the fate of cells about to differentiate. 
Certain cell types differentiate arly, and other cell types 
differentiate late in developing retina (see, for example, 
Fujita and Horii, 1963; Kahn, 1974; Spence and Robson, 
1989). Early differentiating cells may inhibit uncommitted 
cells from differentiating into the same cell type or may 
actively promote differentiation of late differentiating cell 
types. Both mechanisms appear to be active in the Dro- 
sophila eye, where the first cells to differentiate are the R8 
cells. Differentiated R8 cells secrete a protein that inhibits 
adjacent cells from differentiating into more R8 cells 
(Baker et al., 1990). Differentiated R8 cells also actively 
promote the differentiation of R7 cells through a mecha- 
nism that involves cell-cell contact (Tomlinson and Ready, 
1987; Reinke and Zipursky, 1988). Cell culture studies 
suggest that similar mechanisms are active in the devel- 
oping vertebrate retina. When younger developing retinal 
cells were cultured in the presence of older retinal cells, 
a greater percentage of the younger cells differentiated 
into a late developing cell type, photoreceptors, than when 
the younger cells were cultured alone (Watanabe and Raft, 
1990; Altshuler and Cepko, 1992). Conversely, fewer of 
the younger cells differentiated into an early developing 
cell type, ganglion cells, in the mixed cultures (Waid and 
McLoon, 1993, Soc. Neurosci., abstract). 
The evidence suggests that differentiated cells influ- 
ence the commitment of undetermined cells. However, it 
is still unclear when during the life history of a cell this 
interaction takes place. Three possibilities seem most 
plausible. A cell could become committed either during 
cell division, just after cell division but before the cell mi- 
grates from the mitotic layer, or after the cell has migrated 
from the mitotic layer. Cells have been identified in the 
developing retina that express proteins characteristic of 
differentiated cells prior to migration from the mitotic layer. 
Cells have been observed in the mitotic layer of the devel- 
oping chick retina that express a ganglion cell-specific 
antigen, RA4 (McLoon and Barnes, 1989). Cells express- 
ing RA4 have not been observed to replicate their DNA 
or to divide, so it is believed that these are postmitotic, 
premigratory cells. An amacrine cell-specific protein has 
also been found to be expressed by cells migrating from 
the mitotic layer in the developing rat retina (Barnstable 
et al., 1985). These observations uggest that cells begin 
to differentiate prior to migration from the mitotic layer. 
This implies that commitment akes place either during or 
just after cell division. 
The study described here defines more precisely the 
time of ganglion cell differentiation relative to cell division. 
It was thought that if commitment ook place during cell 
division then cells might begin to differentiate very soon 
after mitosis, whereas if commitment took place after mito- 
sis, differentiation would be substantially delayed. It was 
found that ganglion cells begin to differentiate within mi- 
nutes after completing mitosis. 
Results 
A monoclonal antibody, RA4, that in the chick retina is 
specific for ganglion cells was developed previously 
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Figure 1. Experimental Design Related to the 
Different Stages of the Cell Cycle in the Devel- 
oping Retina 
BrdU was injected into embryos to label cells 
in S phase. The postinjection time required for 
BrdU-labeled M-phase cells (time line 1) and 
for BrdU-labeled ganglion cells (time line 2) to 
appear was determined experimentally. The 
difference between these two time periods is 
the length of time between mitosis and the 
beginning of ganglion cell differentiation (time 
line 3). 
(McLoon and Barnes, 1989). Late in development and in 
the mature retina, the antigen is restricted to the axons of 
ganglion cells. During early stages of retinal development, 
the RA4 antibody recognizes round cells in the mitotic 
layer, which are just beginning to differentiate into gan- 
glion cells, and bipolar shaped cells migrating from the 
mitotic layer to the ganglion cell layer. The expression of 
this antigen is an early indicator of ganglion cell differentia- 
tion and was used in the present study as a means to 
identify ganglion cells that were beginning to differentiate. 
The developmental period during which ganglion cells 
begin to differentiate was defined by quantitating the num- 
ber of RA4 ÷ cells in the mitotic layer. Immunohistochemis- 
try was performed with the RA4 antibody on sections of 
retina from embryos ranging in age from embryonic day 
2 (E2) to El0. RA4 ÷ cells in the mitotic layer were counted 
in horizontal sections through the center of the retina. In 
early E2 retinas, virtually no RA4 ÷ cells were found. In 
early E3 chick retinas, 11 _ 3 RA4 ÷ cells per section were 
present in the mitotic layer. All labeled cells were posi- 
tioned near the optic stalk. By E41 50 _ 17 RA4 ÷ cells 
per section were counted in the mitotic layer. These cells 
were located in the central half of the retina. At E5, 217 
_ 75 RA4 ÷ cells per section were present in the mitotic 
layer, which were dispersed over most of the retina with 
a higher density towards the periphery. In E6 chick retinas, 
50 _+ 14 RA4 ÷ cells were counted in the mitotic layer per 
section. These cells were located in the peripheral half of 
the retina. In E9 retinas, only 25 _+ 19 RA4 + cells per 
section were counted in the mitotic layer, and these were 
all in the peripheral regions of the retina. By El0, virtually 
no RA4 ÷ cells could be found in the mitotic layer. These 
data indicate that the majority of retinal ganglion cells be- 
gin to differentiate from E3 through E9, with the peak num- 
ber on E5. This matches closely the time of ganglion cell 
birth as determined by thymidine labeling (Fujita and Horii, 
1963; Kahn, 1974; Spence and Robson, 1989; Altshuler 
et al., 1991; Snow and Robson, 1994), which is the first 
suggestion that differentiation follows closely behind ter- 
minal mitosis. Based on these results, three ages (E3, E5, 
and Eg) were selected as representative of the main period 
of ganglion cell genesis and were used for the remainder 
of this study. 
The main goal of this study was to determine the tempo- 
ral relationship between mitosis and the beginning of reti- 
nal ganglion cell differentiation. This was accomplished 
with the use of the thymidine analog bromodeoxyuridine 
(BrdU) to mark the time of DNA replication (or S phase) 
in retinal cells; the timing of various other events in the life 
history of retinal ganglion cells were determined relative to 
the time of S phase. There were three steps in this study. 
The first was to determine the time required for cellular 
uptake of BrdU following its injection into the embryo. The 
second was to determine the postinjection time required 
to label cells in mitosis with BrdU. The third was ta deter- 
mine the postinjection time required to label RA4 ÷ cells 
with BrdU. The difference between the second and third 
time was the period between mitosis and the beginning 
of ganglion cell differentiation (Figure 1). 
BrdU was injected into embryos intravenously, and after 
various postinjection times, the retinas of these embryos 
were fixed and processed for immunohistochemistry to
reveal cells that had incorporated BrdU. BrdU labeling in 
the retinal cells appeared as multiple spots of fluorescence 
within the cell nuclei. BrdU ÷ cells were seen in retina as 
early as 4 min following injection of BrdU but not at 2 
min postinjection. This rapid postinjection incorporation 
of BrdU by retinal cells showed that injected BrdU was 
available to cells very quickly and that the delivery time 
did not need to be considered in the remainder of this 
study. With these short postinjection survival times, the 
majority of the BrdU ÷ cells were located outside the mitotic 
layer of the developing retina. However, a few cells were 
present in the mitotic layer adjacent o the pigment epithe- 
lium (Figure 2). This was surprising, since the accepted 
dogma is that DNA synthesis takes place outside the mi- 
totic layer (Sidman et al., 1959). 
The next aim was to determine the minimum time be- 
tween injection of BrdU and the first appearance of BrdU- 
labeled cells in mitosis. Retinal sections stained im- 
munochemically to show BrdU incorporation were also 
counterstained with Nuclear Yellow to show mitotic (or 
M-phase) cells. Nuclear Yellow stained heterochromatin 
of all cells blue, which allowed mitotic cells to be distin- 
guished easily (Figure 3A). Only cells in anaphase were 
counted as mitotic. For E5 retinas, there were typically 
about 28 anaphase cells per section. BrdU + M-phase cells 
were not seen up to and including 45 min following an 
Timing of Retinal Ganglion Cell Differentiation 
119 
Figure 2. S-Phase Cells in the Mitotic Layer 
Micrograph of a section of E5 retina showing (A) all cells stained with Nuclear Yellow and (B) BrdU label in cells 4 min after injecting BrdU into 
the embryo. Several BrdU-labeled cells are in the mitotic layer (arrowheads). Bar, 25 ~m. 
intravenous injection of BrdU. Labeled M-phase cells were 
first detected 1 hr postinjection (Figure 3B). The postinjec- 
tion time at which half of the mitotic cells were BrdU ÷ was 
2 hr (Figure 4). This represented the mean duration of G2 
plus half of M phase and was similar to that reported for 
developing rat retina, in which the duration of G2 plus half 
of M phase was determined to also be about 2 hr (Denham, 
1967). By 3 hr post-BrdU injection, most of the mitotic 
figures were BrdU ÷ (92.5%). Those mitotic figures that 
were not BrdU ÷ were located at the most peripheral margin 
of the retina, a region that contributes cells to anterior eye 
structures. All mitotic figures were BrdU ÷ by 4 hr postinjec- 
tion. Virtually identical results were obtained for E3 and 
E9 retinas as well. 
Finally, the time between injection of BrdU and the ap- 
pearance of BrdU-labeled ganglion cells was established. 
This was done by observing the presence of cells in the 
mitotic layer that were double-labeled by RA4 and BrdU 
antibodies at various post-BrdU injection times. Mitotic 
figures were never observed to be RA4 ÷. No double- 
labeled cells were found in the mitotic layer 45 min after 
the BrdU injections nor with shorter survival times. The 
first RA4÷/BrdU ÷ cells in the mitotic layer were observed 
1 hr following a BrdU injection in E3, E5, and E9 retinas 
(see Figures 3C-3E). As postinjection times were in- 
creased, the percentage of RA4 ÷ cells in the mitotic layer 
that were also BrdU ÷ increased (Figure 4). In E3 retinas, 
approximately half (54.5%) of the RA4 ÷ cells in the mitotic 
layer were labeled with BrdU by 4 hr postinjection, and 
most of the RA4 ÷ cells (98.8%) were BrdU ÷ by 7 hr postin- 
jection. In E5 retinas, nearly half (48.3%) of the RA4 ÷ cells 
in the mitotic layer were BrdU ÷ by 5 hr postinjection. The 
rate of increase in the number of double-labeled cells in 
the E5 retinas was relatively constant between 1 and 6 
hr following BrdU injection. Past 6 hr, the rate was also 
constant but slower than the earlier period. There was 
also a difference between central and peripheral retina. All 
RA4 ÷ cells in the mitotic layer of the less mature peripheral 
retina were BrdU ÷ by 6 hr postinjection, whereas it took 
over 16 hr before most of the RA4 ÷ cells (96.9%) in the 
mitotic layer of the central retina were labeled with BrdU. 
In E9 retinas, approximately half (42.8%)of the RA4 ÷ cells 
in the mitotic layer were labeled with BrdU by 8 hr postin- 
jection, and by 15 hr postinjection, most of the RA4 + cells 
(87.1O/o) were BrdU +. 
The slower appearance of RA4÷/BrdU ÷ cells in older ret- 
ina could either have been due to an increase in the time 
following mitosis for cells to begin to express RA4 or to 
an increase in the time for cells expressing RA4 to migrate 
from the mitotic layer. To distinguish between these two 
possibilities, the onset of ganglion cell migration was stud- 
ied at the different ages. The post-BrdU injection time re- 
quired for the first departure of RA4+/BrdU ÷ cells from the 
mitotic layer was determined. In E3 and E5 retinas, the first 
RA4+/BrdU ÷ cells were found two or more cell diameters 
outside the mitotic layer 2.5 hr after the BrdU injection. 
In E9 retinas, however, the first RA4÷IBrdU ÷ cells were 
detected outside the mitotic layer 14 hr after the injection. 
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Since the first RA4+/BrdU + cells appeared in the mitotic 
layer 1 hr following a BrdU injection at all three ages, it 
appears that the beginning of migration is significantly re- 
tarded in the older retinas. Because there was a delay in 
migration of RA4 + cells from the mitotic layer in all ages 
examined, the slopes of the lines representing RA4+/ 
BrdU+ cells in Figure 4 should be steeper than the data 
suggest. Thus, the average time between mitosis and the 
onset of ganglion cell differentiation is shorter than calcu- 
lated above and may actually be the same for all ages. 
Discussion 
The aim of this study is to gain an insight into the time 
during the life history of a retinal neuron that it becomes 
committed to a particular phenotype. At this point, it is not 
possible to identify the time of commitment, but the time 
of differentiation can be identified. BrdU labeling coupled 
with immunohistochemistry with a retinal ganglion cell- 
specific antibody, RA4, was used to fix the time of retinal 
ganglion cell differentiation relative to the time of terminal 
mitosis. BrdU was injected into embryos and was incorpo- 
rated into cells during S phase. The first BrdU-labeled 
M-phase cells were seen 60 rain following injection of 
BrdU, but not after 45 min. The first BrdU-labeled RA4 ÷ 
cells also appeared 60 min following the injection. This 
suggests that at least some ganglion cells begin to differ- 
entiate within minutes following mitosis. The average time 
between mitosis and the first expression of RA4 in a cell 
was less than 1.5 hr in the 3-day-old embryo. 
The shortest time between mitosis and the first expres- 
sion of the RA4 protein in older embryos remained less 
than 15 min, but the time between the BrdU injection and 
the point at which half the RA4 ÷ cells in the mitotic layer 
were BrdU labeled appeared longer with increasing age. 
This could reflect an increase in the time between mitosis 
and ganglion cell differentiation, orcells could differentiate 
immediately but delay migration from the mitotic layer. 
Analysis of the beginning of migration of RA4 ÷ cells in 
different aged retinas suggests that the latter is the case. 
It appeared that RA4 ÷ cells in E5 retinas were of two 
types based on the onset of migration. In the less mature 
peripheral retina, the cells had a short delay between mito- 
sis and migration, as was seen in E3 retinas. In the more 
mature central retina, RA4 ÷ cells had a longer delay as 
seen in E9 retinas. This could be indicative of two popula- 
tions of ganglion cells. Based on postdevelopment analy- 
sis of [3H]thymidine incorporation in mammals, it has been 
shown that different morphological types of ganglion cells 
are generated at different imes (VValsh and Polley, 1985; 
Reese et al., 1994). The data from the present study may 
reflect another difference between different ypes of gan- 
glion cells. In spite of the difference in the onset of migra- 
tion from the mitotic layer for the two populations of gan- 
glion cells, both populations begin to differentiate very 
soon after mitosis. 
The rapid differentiation of cells following mitosis sug- 
gests that the fate of cells might be determined prior to 
or during mitosis in the developing retina. It is not possible 
to say exactly how long it takes between the time an induc- 
tive signal interacts with an uncommitted cell and the first 
overt appearance of proteins related to the differentiated 
state of a cell without knowing the inductive signal and 
the specific genes involved. Most likely, a cascade of gene 
expression precedes differentiation with the inductive sig- 
nal initiating expression or activation of transcription fac- 
tors. These factors would in turn initiate transcription of 
genes related to the structure and function of the differenti- 
ated cell such as the RA4 protein, a protein associated 
with the cytoskeleton. Studies using PC12 cells might give 
an insight into the time involved in this process. PC12 cells 
undergo division in culture until exposed to nerve growth 
factor (NGF), after which they differentiate into neuron-like 
cells (Greene and Tischler, 1982). PC12 cells begin to 
express several immediate early genes, such as v-fos, 
within minutes after exposure to NGF (Curran and Morgan, 
1985; Greenberg et al., 1985; Sheng and Greenberg, 
1990). The immediate early genes represent a class of 
transcription factors. Proteins associated with the differen- 
tiated state of PC12 cells, such as thymosin B4, peripherin, 
and neurofilament, do not appear until 24-48 hr after expo- 
sure to NGF (Leonard et al., 1987; Lindenbaum et al., 
1988). It is of questionable validity to extrapolate data from 
a transformed cell line in culture to normal cells in vivo, 
but it seems unlikely that the time between interaction of 
the inductive signal with a cell and overt differentiation 
would take hours for PC12 cells and only minutes for gan- 
glion cells. 
Other studies have linked the process of determination 
with cell division. Heterochronic transplants of developing 
cortex suggest that cell division is required for cells to 
acquire a phenotype appropriate for their environment 
(McConnell and Kaznowski, 1991). Mitotic layer cells from 
postnatal day 1 (P1) ferret cortex were transplanted to the 
cortex of P1 animals. The transplanted cells migrated to a 
layer in cortex typical of cortical cells born on P1. However, 
when E31 mitotic layer cells were transplanted to P1 cor- 
tex, half the transplanted cells migrated to a laminar posi- 
tion typical of cells born at E31, and the other half took 
up a position typical of cells born on P1. In this latter experi- 
Figure 3. Rapid Differentiation f Ganglion Cells Following Mitosis 
Micrographs of a section of E5 retina fixed 1 hr after injecting BrdU and labeled with Nuclear Yellow to show all cells (A and D), with RA4 antibody 
to show ganglion cells (B and E), and with an antibody to BrdU (C and F). (A-C) show a single field of view and (D-F) show another field of view. 
Each field of view is photographed with different filters to show the different markers. In (A-C), the arrow indicates an anaphase mitotic ell with 
BrdU incorporated into its nucleus. In (D-F), the arrow indicates a BrdU-labeled cell in the mitotic layer beginning to differentiate asa ganglion 
cell 1 hr after BrdU injection. The arrowhead indicates a ganglion cell that does not show BrdU incorporation. The minimum postinjection time 
required to obtain mitotic ells or ganglion cells labeled with BrdU was 1 hr. Bars, 10 ~m. 
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Figure 4. Graph Showing Percentage of Mitotic Cells and Ganglion 
Cells in the Mitotic Layer That Were BrdU Labeled with Different Post- 
injection Survival Times 
Lines represent linear egression analysis using individual datapoints. 
The broken line represents the percent of anaphase cells in E5 retina 
that were BrdU ÷. Virtually identical data were obtained for E3 and E9 
retina. The solid lines represent the percent of RA4 + cells in the mitotic 
layer for E3, E5, and E9 retinas that were also BrdU ÷. For E5 retina, 
an independent regression analysis was applied to the data from 
1-6 hr survival and 6-16 hr survival. Error bars represent SEM. 
ment, the transplanted cells that maintained a phenotype 
appropriate for their origin did not undergo division in their 
new environment, whereas those cells that acquired a lam- 
inar distribution appropriate for their new environment ap- 
peared to have undergone at least one round of division 
after transplantation. There is weak evidence from previ- 
ous studies for a link between cell division and determina- 
tion in retina as well (Hinds and Hinds, 1974). Early embry- 
onic retinal cells cultured under conditions that were 
permissive for cell division developed cell types that nor- 
mally appear late in development (Sparrow et al., 1990). 
However, the same cells cultured under conditions that 
did not allow division never developed these cell types 
(Reh and Kljavin, 1989). In aggregate, these studies sug- 
gest that there is an obligatory link between cell division 
and commitment. One study, however, is inconsistent with 
this view. Cell division was blocked in Xenopus embryos 
prior to differentiation of any retinal cells (Harris and 
Hartenstein, 1991). A retina still developed in these em- 
bryos that contained each of the major retinal cell types. 
There may not be an obligatory link between division and 
commitment, but in practice, in the normal developing em- 
bryo, this may prove to be the rule. 
The idea of a cell acquiring commitment to a fate during 
cell division in tissues derived from neural tube is appeal- 
ing. A growing body of evidence suggests that the fate of 
a developing retinal cell is influenced by factors from local 
cells that have already differentiated (Reh and Tully, 1986; 
Reh, 1987; Harris and Messersmith, 1992; AItshuler and 
Cepko, 1992; Watanabe and Raft, 1992; Altshuler et al., 
1993). Differentiated cells accumulate in the mantle layer 
(i.e., the inner region of the retina), whereas division and 
initial differentiation appear to take place in the ventricular 
layer (i.e., the outer region of the retina). If determination 
takes place while the cell is in the mitotic layer, then the 
factors responsible for determination must diffuse from 
the mantle layer to the mitotic layer, a distance ap- 
proaching 100 pm. However, during the G1, S, and G2 
phases of the cell cycle, cells extend a process through 
much of the thickness of the developing neuroepithelium 
and then withdraw to the ventricular layer to divide (see, 
for example, Sauer, 1935; Hinds and Hinds, 1974). A cell 
could be exposed to various inductive signals from adja- 
cent cells during this translocation preceding mitosis. 
If inductive signals act on the stem cell rather than on 
the postmitotic ell, then the question remains as tO why 
both daughter cells do not consistently have the same 
fate, which is known not to be the case (Holt et al., 1988; 
Wetts and Fraser, 1988; Turner and Cepko, 1987; Turner 
et al., 1990). The initial change in a stem cell that accompa- 
nies cell commitment may be distributed asymmetrically 
within a cell, such that usually only one daughter cell would 
inherit the commitment instructions. The other daughter 
cell would be free to divide again. However, one might 
predict that division would occasionally be symmetric. In 
about 10% of the cases, both daughter cells appear to 
differentiate into ganglion cells in developing retina (Hinds 
and Hinds, 1974; McLoon and Barnes, 1989). If too little 
inductive signal is available to a cell, then both daughter 
cells would continue to divide. This may account for the 
increasing number of mitotic cells seen in early stages of 
the developing retina (Dutting et al., 1983). 
It is possible that the mechanisms of commitment to the 
ganglion cell phenotype are different han that for other 
retinal cells types. The ganglion cell fate may be the default 
state carried by all dividing retinal cells (Reh, 1992). Post- 
mitotic cells would develop into ganglion cells unless an 
inductive signal acts to change the fate. Thus, the ganglion 
cell fate would be established premitotically, as suggested 
by this study, and the other retinal cell fates could be deter- 
mined postmitotically. If other cell types are determined 
postmitotically, the results of the present study would sug- 
gest that the inductive signal is present in the mitotic layer 
and would necessitate action within minutes after mitosis 
to stop ganglion cell differentiation. 
The interpretation of this study, as presented above, is 
based on the belief that cell-cell interactions are responsi- 
ble for induction of specific cell phenotypes in the devel- 
oping retina. An alternative view is that cell fate is deter- 
mined by an internal clock or other mechanism intrinsic 
to the stem cells and passed on to their progeny (Williams 
and Goldowitz, 1992; Watanabe and Raff, 1990). Although 
the data do not completely favor this view (Harris and 
Cepko, 1993), lineage-based mechanisms must play at 
least some role, since optic cup cells are committed to 
producing only retinal cells even with a change in their 
environment (McLoon and McLoon, 1984; Reh, 1992; Ad- 
ler, 1993; Repka and Adler, 1992). The results of the pres- 
ent study are also consistent with the possibility that deter- 
mination is strictly due to lineage-based mechanisms. 
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Future studies will need to d ist inguish between these pos- 
sibil it ies. 
Experimental Procedures 
Animals 
Fertilized chicken eggs (pathogen-free White Leghorn crossed with 
Rhode Island Red) were obtained from the University of Minnesota 
Poultry Research Center. The eggs were incubated at 37°C in an egg 
incubator. After 3 days of incubation, the embryos were removed from 
the shell and placed in culture chambers (McLoon and Barnes, 1989). 
The cultured embryos were maintained in a forced-draft tissue culture 
incubator at 37°C, 95% relative humidity, and 1% CO2. 
BrdU Injections 
On E3, E5, or E9, embryos received a 10 Id injection of BrdU (50 p.g/ 
~1 in normal saline) into a vein of the chorioallantoic membrane. BrdU 
is a thymidine analog that is incorporated into the DNA during S phase 
of the cell cycle and can be detected by immunohistochemistry (Grat- 
zner, 1982). 
Immunohistochemistry 
After various post-BrdU injection times, embryos were perfused 
through the heart with 0.1 M phosphate buffer (pH 7.4) followed by 
70% ETCH. The eyes were dissected and postfixed in 70% EtCH for 
2 hr. They were then cryoprotected in 30% sucrose/phosphate buffer 
overnight, embedded in 10% tragacanth gum/30% sucrose/phos- 
phate buffer, and sectioned at 10 I~m in a cryostat at -20°C. The 
sections were mounted on chrome alum/gelatin-coated glass slides. 
Sections were fixed to the slides with 1% paraformaldehyde in phos- 
phate buffer for 2 min and rinsed in phosphate buffered saline (PBS). 
DNA in the sections was denatured by incubation in 0,07 M NaOH for 
2 rain. The sections were rinsed in PBS, then nonspecific antibody 
binding was blocked with 10% normal goat serum/0.3% Triton X-100/ 
PBS. The tissue was incubated for 1 hr in RA4 antibody (hybridoma 
culture supernatant; McLoon and Barnes, 1989), rinsed in PBS, and 
incubated for 1 hr in goat anti-mouse IgG conjugated to rhodamine 
isothiocyanate (1:500; Cappel). The tissue was again rinsed in PBS, 
incubated for 1 hr in an antibody to BrdU conjugated to fluorescein 
isothiocyanate (Becton Dickinson), rinsed in PBS, and counterstained 
for 45 s with 0.0001% Nuclear Yellow. The stained sections were 
viewed and photographed with an epifluorescence microscope. The 
number of cells expressing particular labels were counted in retinal 
sections processed for immunohistochemistry. At least five sections 
were counted from each retina. At least four retinas were used for 
each datapoint. Each datapoint was expressed as the mean _ SEM. 
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